The guidelines for night and shift workers recommend that after night work, they should sleep in a dark environment during the daytime. However, staying in a dark environment during the daytime reduces nocturnal melatonin secretion and delays its onset. Daytime bright-light exposure after night work is important for melatonin synthesis the subsequent night and for maintaining the circadian rhythms. However, it is not clear whether daytime sleeping after night work should be in a dim-or a bright-light environment for maintaining melatonin secretion. The aim of this study, therefore, was to evaluate the effect of bright-light exposure during daytime sleeping on nocturnal melatonin secretion after simulated night work. Twelve healthy male subjects, aged 24.8 ± 4.6 (mean ± SD), participated in 3-day sessions under two experimental conditions, bright light or dim light, in a random order. On the first day, the subjects entered the experimental room at 16:00 and saliva samples were collected every hour between 18:00 and 00:00 under dim-light conditions. Between 00:00 and 08:00, they participated in tasks that simulated night work. At 10:00 the next morning, they slept for 6 hours under either a bright-light condition (>3000 lx) or a dim-light condition (<50 lx). In the evening, saliva samples were collected as on the first day. The saliva samples were analyzed for melatonin concentration. Activity and sleep times were recorded by a wrist device worn throughout the experiment. In the statistical analysis, the time courses of melatonin concentration were compared between the two conditions by three-way repeated 主論文 Chronobiology International, 2018, Vol. 35, No. 2, 229-239 2 measurements ANOVA (light condition, day, and time of day). The change in dim light melatonin onset (∆DLMO) between the first and second days, and daytime and nocturnal sleep parameters after the simulated night work were compared between the light conditions using paired t-tests. The ANOVA results indicated a significant interaction (light condition and day) (p =.006). Post hoc tests indicated that in the dim-light condition, the melatonin concentration was significantly lower on the second day than on the first day (p =.046); however, in the bright-light condition, there was no significant difference in the melatonin concentration between the days (p =.560). There was a significant difference in ΔDLMO between the conditions (p =.015): DLMO after sleeping was advanced by 11.1 ± 17.4 min under bright-light conditions but delayed for 7.2 ± 13.6 min after sleeping under dim-light conditions. No significant differences were found in any sleep parameter. Our study demonstrated that daytime sleeping under bright-light conditions after night work could not reduce late evening melatonin secretion until midnight or delay the phase of melatonin secretion without decreasing the quality of the daytime sleeping. Thus, these results suggested that, to enhance melatonin secretion and to maintain their conventional sleep-wake cycle, after night work, shift workers should sleep during the daytime under bright-light conditions rather than dim-light conditions.
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participating. The experimental protocol was conducted in accordance with the Declaration of Helsinki and was approved by the Ethics Committee of Kyoto University Graduate School and Faculty of Medicine. The study was registered in the University Hospital Medical Information Network database (registration number, UMIN000020642).
Experimental protocol
The subjects were asked to maintain a regular sleep-wake cycle (going to bed at 00:00 and waking up at 07:00) for the 3 days prior to the experiment; adherence to these requirements was confirmed by objective measurements of activity with an Actiwatch2 (Philips Respironics Inc., Bend, OR). The experimental protocol is illustrated in Figure 1 . Each subject underwent this protocol twice (at least a week apart), once with bright light (>3000 lx) during the daytime sleeping and once with dim light (<50 lx), with the order of these decided randomly.
This experiment was carried out in a living facility that comprised several rooms; each subject stayed in one of these rooms throughout the experiment. Each room was equipped with a bed, table, toilet, and bathroom, and the room temperature was controlled within a narrow range (25°C ± 2 °C). The subjects were asked to wear a short-sleeved T-shirt and long pants during the experiment. All light sources and windows in the experimental rooms were covered by black cellophane and black panels, respectively, to create the dim-light condition, with the curtains closed. In this condition, the intensity of the light was <50 lx measured vertically at eye level when the subject was standing. The light source on the ceiling was a white LED light, and the relative spectral power distribution (SPD) of this light covered by black cellophane [illuminance: 46 lux, estimated irradiance: 15 μW/cm 2 ; the estimated irradiance was calculated using Irradiance Toolbox (Lucas et al., 2014) ] is shown in Figure 2 .
At 17:00 on the first day of the experiment, the subject entered the experimental room under the dim-light condition. He then took a short nap in the room in preparation for participating in simulated night work. From 18:00 to 00:00, salivary samples were collected every hour under the dim-light condition. At 00:00, following the collection of the last saliva sample, the subject moved to another experimental room with ordinary-light conditions (approximately 500 lx of light intensity was measured vertically at eye level) for simulated night work. The light source on the ceiling of this experimental room was a white fluorescent lamp (illuminance: 522 lux, estimated irradiance: 163 μW/cm 2 ); the relative SPD of this lamp is shown in Figure 2 .
The simulated night work lasted for 8 h, from 00:00 to 08:00, during which the subjects completed a light exercise task and a computer-based task every 2 h. These tasks were designed to mimic the real tasks of night work nursing in hospitals. At 03:00, a 30-min meal break was taken. After the simulated night work, breakfast was served at 08:30 and the subjects then took a shower in their own rooms. At 10:00, they went to sleep for 6 h under the dim-light or the bright-light condition. In the bright-light condition, the window curtains were opened and the light coverings were removed. All windows faced south. However, the eyes of subjects stayed >3 m away from the window during sleep, so they were not directly exposed to sunlight. In addition, two lighting devices (Bright Light Me, Solartone Ltd., Tokyo, Japan) were placed by the bed, one at each side. The light intensity measured horizontally at eye level with the subject in a lateral position on the bed was >3,000 lx. SPD of this light device (illuminance: 3036 lux, estimated irradiance: 996 μW/cm 2 ) is shown in Figure 2 . During daytime sleeping, the subject was asked not to sleep in a prone position and not to pull the blanket over his head. Saliva sampling on the second day was the same as that on the first day. After the last saliva collection on the second day, at 00:00, the subject went to bed under the dark condition (0 lx). On the morning of the third day, the subject was free to leave the experiment.
The subjects were allowed to drink water freely, to read books, and to listen to music throughout the experiment. In addition, watching TV and using a mobile phone or a personal computer were permitted during the simulated night work. However, excessive physical exercise and naps were not permitted to control the participant's activity throughout the experiment. Evening meals were served at 19:00 on the first and second days. Participants had the same breakfast, supper, and night meals in both light conditions.
Measurements
Salivary melatonin concentration was measured as an indicator of the nocturnal secretion of melatonin by the brain. Saliva samples from the subjects were placed in collection tubes using a pure cotton swab (Sarstedt AG & Co., Nümbrecht, Germany), and immediately centrifuged at 1500 g for 5 min and frozen to −20 °C until analysis. The samples were analyzed for melatonin using RIA kits (RK-DSM2 200 tests, Bühlmann Laboratories AG, Schönenbuch, Switzerland). The mean inter-assay and intra-assay coefficients of variation were 7.9% and 9.8%, respectively. The limit of detection was 0.2 pg/ml and the limit of quantification was 0.9 pg/ml.
The profiles of salivary melatonin concentrations were used to calculate the areas under the curve (AUC) and the dim light melatonin onset (DLMO). AUCs for the salivary melatonin concentrations on the first and second days were calculated using a trapezoidal method (Crowley et al., 2015) . For each subject, the AUC for melatonin secretion on the second day was expressed as a percentage (%AUC) of the AUC for the first day. DLMO has often been used to assess the phase of biological rhythms (Pandi-Perumal et al., 2007) . In this study, DMLO was defined as the time at which the salivary melatonin concentration increased and stayed above 3.0 pg/ml; this was determined by linear interpolation between the time points of the saliva collections before and after this threshold was passed (Benloucif et al., 2008; Chapdelaine et al., 2012 ).
An objective measurement of each subject's activity was obtained from an Actiwatch2 worn throughout the experiment. From this, we calculated the sleep parameters of daytime sleeping on the second day and nocturnal sleeping on the third day; these included total sleep time (TST), sleep onset latency (SOL), sleep efficiency (SE), wake after sleep onset (WASO), and actual sleep time (AST).
Statistical analysis
We compared the time courses of salivary melatonin concentration, %AUC, the change in DLMO (∆DLMO), and the sleep parameters between the two lighting conditions. The time courses of salivary melatonin concentration were analyzed by three-way repeated measures ANOVA with light condition (bright light vs. dim light), day (first day vs. second day) and time of day as the within-subject factors. In addition, ∆DLMO, %AUC, and the sleep parameters were compared between the two light conditions using paired t-tests. For the ANOVAs, if the sphericity assumption was not met, the degrees of freedom were modified using the Greenhouse-Geisser method. When any main effects and interactions were significant, the Bonferroni method was used for multiple post hoc comparisons.
All data were described as the mean ± standard error of the mean, and we calculated and described effect sizes. Cohen's dZ was used as the effect size for the paired t-tests and multiple comparisons with ANOVA, and partial η 2 was also used in ANOVA. An appropriate sample size was calculated based on effect size dZ = 1.2 [from the result of ∆DLMO in a previous study (Revell et al., 2005) ], alpha error =.05, and beta error =.80 in a two-tailed test; this indicated that the sample size should be n = 8. The analyses were performed using SPSS ver. 24 (IBM, Tokyo, Japan) and a p value of <.05 was considered statistically significant. Figure 3 shows the mean time courses of melatonin concentration for the first and second days under the bright-and dim-light conditions (n = 12). In the three-way repeated measures ANOVA (light condition, day, and time of day), there was a significant main effect of time of day (F(1.22, 13.42) = 12.69, p =.002, partial η 2 =.563) and a significant interaction between light condition and day (F(1, 11) = 11.50, p =.006, partial η 2 =.511). Post hoc tests indicated that, in the dim-light condition, the melatonin concentration on the second day was significantly lower than that on the first day [simple main effect of day in the dim-light condition: p =.046 (p =.011 at 18:00, p =.019 at 20:00, and p =.035 at 24:00)]. However, in the bright-light condition, there was no significant difference in the melatonin concentrations between the first and second days (p =.560). Figure 4 shows the mean values of %AUC (the melatonin secretion on the second day as a percentage of that on the first day) for the bright-and dim-light conditions (n = 12), which were 109.6% ± 13.2% and 82.1% ± 8.9%, respectively. The result of the paired t-test indicated that the value in dim-light condition was significantly lower than the value in the bright-light condition (p =.002, t = 3.90, dZ = 1.13). Figure 5 shows the mean DLMO times on the first and second days for the bright-light and dim-light conditions (n = 7). DLMOs of five participants were excluded from analysis because their data could not be assessed, their melatonin levels did not rise above the threshold of 3.0 pg/ml during the sampling period (all the data of illuminance measured by Actiwatch2 were <10 lux under dim-light condition). ΔDLMO differed significantly between the conditions (p =.015, t = 3.36, dZ = 1.27). DLMO time advanced by 11.1 ± 17.4 min after daytime sleeping under the bright-light condition but delayed by 7.2 ± 13.6 min after daytime sleeping under the dim-light condition.
Results
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Sleep parameters
The sleep parameters for the daytime and nocturnal sleep are shown in Tables 1 and 2, respectively. In the results for nocturnal sleep (Table 2) , the data for TST, SE, WASO, and AST of two of the subjects were excluded from the analysis because of a failure of data collection. No significant differences between the two light conditions were found for any sleep parameter for the daytime or the nocturnal sleep.
Discussion
This study is the first to demonstrate that the light environment during daytime sleeping after simulated night work was associated with subsequent nocturnal melatonin secretion. Our results indicated that nocturnal melatonin secretion until midnight was reduced after daytime sleeping under dim-light conditions, but the secretion did not change after daytime sleeping in bright-light condition. These findings are consistent with those of several previous studies. Takasu et al. (2006) reported that the amplitude of nocturnal melatonin secretion was higher when subjects were exposed to daytime bright light (~5000 lx) for 7 days than when they were exposed to dim light (~10 lx) for the same duration. Other studies have also indicated that daytime bright-light exposure could enhance melatonin secretion at night (Fukushige et al., 2014; Kanikowska et al., 2001; Nagashima et al., 2017; Wakamura & Tokura, 2000) . This result suggested that after night work, daytime sleeping under brightlight conditions is an effective way for shift workers to prevent reductions in their nocturnal melatonin secretion in the evening and at night. Therefore, the light conditions in which workers sleep after night work might play a key role in shift workers' health and lives.
AUC percentage under dim-light conditions was significantly lower than that under bright-light conditions, which agrees with the finding that melatonin secretion between 18:00 and 00:00 was significantly decreased by dim-light exposure during daytime sleeping.
However, the peak nocturnal melatonin concentration and its timing were uncertain under both conditions because salivary samples were not obtained from midnight for the simulated night work on day 2 and nocturnal sleeping on day 3. Thus, these significant differences might be caused by the phase shift of melatonin secretion. In the ∆DLMO following daytime sleeping, there was a significant difference between bright-and dim-light conditions.
Hashimoto et al. (1997) reported that the onset phase of the plasma melatonin secretion was phase-advanced by midday bright-light exposure for three consecutive days. Our result also indicated that bright-light exposure during daytime sleeping advanced DLMO. However, phase-shift in both bright-and dim-light conditions was only approximately 10 min (11.1 ± 17.4 min and 7.2 ± 13.6 min, respectively). This suggests that night shift working (00:00-08:00; after staying under dim-light condition) for only a single night may not have a large effect on the phase of DLMO in humans.
Animal studies have shown that peak nocturnal melatonin concentrations in male nude rats were 7-fold higher after daytime spectral transmittance of white fluorescent light through blue-tinted rodent cages (irradiance at 421 μW/cm 2 for 12 h) compared with clear cages A previous study (Bierman et al., 2011) indicated that the transmittance of the eyelids for blue light (at 480 nm) was approximately 0.28%; therefore, effective melanopic irradiance on the retina was probably <1 μW/cm 2 . Accordingly, bright-light exposure simulated with LEDs and blue monochromatic light during daytime, which has higher effective melanopic irradiance than fluorescent light, might have a greater effect on nocturnal melatonin secretion.
Also notable is the effect of evening light exposure until midnight. The participants in this study were exposed to dim light from 18:00 to 00:00 for measuring DLMO. This situation was unusual for shift workers, who are mostly exposed to electric light in the evening; therefore, their melatonin secretion during the evening may have been suppressed by this light exposure. However, Kozaki et al. (2015) reported that subjects exposed to bright light during daytime had significantly lower light-induced melatonin suppression compared with those exposed to dim light during daytime. Therefore, compared with dim-light exposure, bright-light exposure during sleeping at daytime might reduce melatonin suppression caused by evening electric light exposure. To examine the relationship between daytime and evening light exposure, measurements of evening melatonin secretion under ordinary room light conditions should be obtained in a future study.
The sleep parameters of daytime sleeping in our study, particularly SOL and WASO, did not differ significantly between the light conditions, although many previous studies have indicated that subjective sleepiness was reduced by bright-light exposure during daytime (Phipps-Nelson et al., 2003; Rüger et al., 2006) . This may be due to increased homeostatic sleep pressure after simulated night work. Under the bright-light condition, the mean time of SOL for the daytime sleeping was only 3.5 ± 1.5 minutes. This result was very similar to that of a multiple sleep latency test (3.0 ± 2.9 minutes) following one night of total sleep deprivation (Franzen et al., 2008) . Thus, with the greater homeostatic sleep pressure due to night work, bright-light exposure during daytime sleeping may have little impact on daytime sleeping after night work. Santhi et al. (2005) have indicated that daytime sleeping in a dark environment was effective for shift workers adapting to night work. In their study, DLMO was delayed for 2 h by post-night-shift sleep (8 h, 08:00-16:00, in darkness) for 3 consecutive days. Delays in the circadian phase may be associated with sleep disorders. Human sleep-wake cycles are regulated by the interaction between sleep-wake homeostasis and the circadian timing system in the "two-process model of sleep regulation" (Borbély et al., 2016) . Delays in the circadian phase increase alertness at night. Thus, if the circadian phase is delayed, people have difficulty in falling asleep at their habitual bedtimes. We therefore predicted that nocturnal sleep quality following the dim-light condition would be significantly worse than that after the bright-light condition. However, the sleep parameters for nocturnal sleep did not differ significantly between the conditions. This result may be due to the small sample size. The effect size of light environment on WASO was dZ = 0.39, which is considered to indicate a medium effect (Cohen, 1988) . Thus, daytime sleeping under dim-light conditions after night work may result in a slight increase in WASO during the subsequent nocturnal sleep, compared with bright-light condition. However, this effect may be small. Further studies using a larger sample size is needed to explain the association between sleeping under dimlight conditions and the nocturnal sleep quality.
According to the results of this study, after night work, shift workers should sleep during the daytime in a bright-light environment to enhance their nocturnal melatonin secretion and to maintain their habitual sleep-wake cycle. However, it was suggested that, before night work, daytime sleeping under dim-light conditions was effective for shift workers in increasing a subjective aleartness during night work (Horowitz et al., 2001 ). It may therefore be important for shift workers to sleep during the day in an appropriate light environment, taking into consideration the type of the next shift (or free day); if the next shift is a night shift, they should sleep under dim-light conditions to help with adaptation.
Our study had some methodological limitations. First, this study included only males, and it is uncertain whether the same results would be obtained in females. Thus, further study is needed to examine the effect of bright-light exposure during daytime sleeping in females.
Second, we did not observe the motion of the subjects during daytime sleeping and therefore, The data are presented as mean ± standard error of the mean. The data are presented as mean ± standard error of the mean.
a Data from 10 participants. The data for two participants were excluded from these analyses because of a failure of data collection.
